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The establishment of neural circuits in the spinal cord depends on the differentiation of functionally distinct types of neurons in the
embryonic neural tube. A number of genes have recently been shown to control the generation of dorsal interneurons through inductive
signals provided by the roof plate. The roof plate is a transient signaling center on the dorsal midline of the neural tube that coordinates dorsal
CNS development through the action of local peptide signals, primarily the bone morphogenic proteins (BMPs) and the Wingless-related
genes (Wnts). The role of the roof plate has become evident through studies of mutations of genes in these gene families, and through several
spontaneously occurring mouse mutants, including dreherJ (drJ), all of which cause dorsal neural tube defects. We previously demonstrated
that the roof plate is missing in the dreher mouse. Positional cloning of the dreher locus demonstrated that an inactivating point mutation in
the LIM homeodomain (HD) transcription factor encoded by the Lmx1a gene, is responsible for the dreherJ phenotype [Nature, 403 (2000)
764]. Here we report that Lmx1a is first expressed at E8.5 in a small number of cells in the lateral neural plate. As the neural tube closes,
Lmx1a expression is restricted to the roof plate. In drJ/drJ, although non-functional Lmx1a is correctly expressed at E8.5–E9.5, its expression
is lost in the spinal cord roof plate by E10.5. Coincident with the loss of Lmx1a expression, Bmp expression fails, and the generation and
differentiation of the dorsal-most spinal cord neurons, the dl1 interneurons, is abnormal. In drJ/drJ embryos, defects are evident in the number
of dl1 progenitors, as well as in their migration to form the lateral and medial nuclei, and axon patterning, through mechanisms that
apparently involve defects in early steps of neuronal polarity. Consistent with the general hypothesis that a failure of roof plate formation and
function results in deficits in dorsal patterning of the neural tube, the dreher affects the generation and differentiation of the dl1 interneuron
population.
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In the developing spinal cord, a series of inductive steps
are thought to generate specific classes of neurons which
give rise to the spinal circuitry. Among the spinal interneur-
ons, dl1 interneurons arise in the dorsal neural tube and0012-1606/$ - see front matter D 2004 Elsevier Inc. All rights reserved.
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1 These authors contributed equally to this work.generate the proprioceptor interneurons, the axons of which
form the spinocerebellar and cuneocerebellar tracts that
mediate positional information from the limbs to the cere-
bellum. In the early embryo, two transitory signaling centers,
the epidermal ectoderm and roof plate, are thought to dors-
alize the neural tube. As the neural tube closes, progenitor
cell populations in the lateral neural plate become restricted
to a narrow zone across the dorsal midline, which contains
progenitors of the neural crest and the roof plate (Bronner-
Fraser and Fraser, 1988; Echelard et al., 1994; Selleck and
Bronner-Fraser, 1995). Neural crest cells emigrate away
from the neural tube to form a host of neural and non-neural
structures. The roof plate, a narrow isthmus of cells across
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by Bmp4 and Bmp7 (Liem et al., 1997).
Once the neural tube closes, the roof plate becomes an
obvious morphological structure on the dorsal midline. In
the mouse, closure of the neural tube at E9.5 is accompa-
nied by the expression of three Bmp genes, Bmp6, Bmp7,
and Gdf7, all of which are restricted to the roof plate during
early spinal cord development (Butler and Dodd, 2003; Lee
et al., 1998, 2000). The importance of Bmp signaling to
dorsal neuron generation has been established via in vitro
explant studies (Lee et al., 2000; Liem et al., 1997) and
gain of function studies with gene transfer by electropora-
tion in the chick and transgenesis in the mouse (Panchision
et al., 2001; Timmer et al., 2002). While extensive attention
has focused on mechanisms involving Bmps, the Wnt
pathway is also important for dorsal CNS development.
By expression studies, Wnt1 and Wnt3a are expressed in
progenitor cells along the dorsal midline of the neural tube
at E9.5. The domain of Wnt expression extends beyond the
roof plate to encompass adjacent cell populations. Wnts
have been implicated in controlling several developmental
processes including neuronal proliferation, survival, and
specification (Dickinson et al., 1994; Dorsky et al., 1998,
Ikeya et al., 1997; Megason and McMahon, 2002; Mur-
oyama et al., 2002;). It is therefore possible that they
regulate the number of dorsal neurons specified or that
they modulate the survival of early progenitor cells in the
dorsal neural tube.
Signaling from the roof plate is thought to control the
differentiation of dorsal CNS neuronal populations by
inducing neighboring cells to express specific sets of cell
transcription factors. Within the germinal zone, dividing
progenitors of the proprioceptor interneurons are termed dl1
cells and are first recognized by their expression of the basic
helix–loop–helix transcription factor, Math1. Math1 loss of
function studies, using targeted gene disruption, indicate
that Math1 is required for the generation of dl1 neurons
(Bermingham et al., 2001). Once Math1+ cells leave the
cell cycle and begin their migration away from the ventric-
ular zone, they extinguish Math1 expression and commence
expression of two LIM containing homeodomain transcrip-
tion factors, Lhx2 and Lhx9 (Lee et al., 1998; Liem et al.,
1997). Thus, Lhx2 and Lhx9 mark postmitotic dl1 progen-
itor cells. Thereafter, immature dl1 neurons extend a single
axon ventrally, along the circumference of the spinal cord
toward the floor plate. Netrin1 signaling localized in the
floor plate is an attractant to dl1 axons, while roof plate-
derived Bmp7 and Gdf7 repel dl1 neurites from the dorsal
domain (Augsburger et al., 1999; Butler and Dodd, 2003;
Serafini et al., 1996). In addition to axon extension, dl1 cells
also migrate from their site of origin in the dorsal aspect of
the VZ, first in a lateral trajectory which removes them from
the ventricle to a more superficial position, and later in a
ventral trajectory which moves them away from the roof
plate. Although the molecular signals required for the
migration of dl1 cells are unknown, their pathway awayfrom the dorsal midline suggests the hypothesis that the roof
plate components repel the young dl1 cell somas.
DreherJ is a spontaneous neurological mouse mutant that
affects roof plate development (Millonig et al., 2000). Adult
homozygotes display a variety of behavioral phenotypes
including ataxia, hyperactivity, and running in circles. CNS
structures including the cerebellum, the hippocampus, and
the cortex are hypoplastic (Millonig et al., 2000; Sekiguchi et
al., 1994, 1996). Positional cloning of the locus (Millonig et
al., 2000) demonstrated that mutations in the Lim HD
transcription factor, Lmx1a, are responsible for these pheno-
types. In situ hybridizations determined that Lmx1a is
expressed in the roof plate (Millonig et al., 2000) suggesting
that Lmx1a affects CNS development via defects in roof
plate formation. A particularly interesting feature of our
histological studies on dreher was the observation that dorsal
structures of the neural tube were affected. The cerebellum,
which concurrent studies had shown to be a dorsally derived
structure (Alder et al., 1999), was abnormal, especially in the
vermis region, and the hippocampus and cortex, all struc-
tures along the dorsal aspect of the nervous system were
abnormal. Thus, mutations in Lmx1a appeared to lead to
malformations in dorsal structures along the anterior poste-
rior axis of the developing CNS.
To further establish dreher as a loss of function mutation
affecting roof plate function during CNS development, we
report a detailed analysis of Lmx1a expression in early CNS
development and document the effects of the drehermutation
on dorsal spinal cord development. In this study, we demon-
strate that Lmx1a expression is restricted to roof plate cells
during spinal cord development (E8.5–E11.5) in wild-type
mouse embryos. In drJ/drJ embryos, while expression of non-
functional Lmx1a commences normally at E8.5 and persists
through E9.5, expression is not maintained through the entire
epoch of adjacent dl1 interneuron generation. The loss of
Lmx1a in dreher embryos is accompanied by a complete
failure of Bmp expression in the spinal cord roof plate at all
ages examined (E9.5–E11.5). Interestingly, expression of
Wnt1 and Wnt3a is not altered by the loss of Lmx1a. As
development proceeds in drJ/drJ embryos, deficiencies in
dl1 cell generation, migration, and axon extension occur.Results
Lmx1a expression in +/+ and drJ/drJ embryos during spinal
cord development
We have previously shown that the loss of roof plate in
dreher is due to mutations in the Lim HD gene, Lmx1a.
Initial in situ hybridizations demonstrated roof plate-spe-
cific expression at E11.5 (Millonig et al., 2000). To further
investigate the expression pattern of Lmx1a during devel-
opment, whole mount and section in situ hybridizations
were performed between E8.5 and E11.5, when D-V
patterning is occurring. In +/+ embryos, Lmx1a expression
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neural plate (large arrows—Figs. 1A and B). Once the
neural tube closes at E9.0, Lmx1a expression is increased
(Figs. 1B–G). Whole-mount in situ hybridizations indicate
that Lmx1a is more highly expressed in posterior areas of
the spinal cord where the neural tube has closed (small
arrow—Fig. 1B) than in more anterior regions where the
neural plate is still present (large arrows—Fig. 1B). After
neural tube closure, Lmx1a is restricted to the roof plate at
all ages examined (E10.5–E11.5) (Figs. 1B–G). Thus,
during spinal cord development, Lmx1a is restricted to
the roof plate.
These in situ hybridizations also show that Lmx1a is not
expressed in migrating neural crest cells (Figs. 1B–G), aFig. 1. Lmx1a expression profile. In situ hybridizations for Lmx1a expression were
(D, F, H). Lmx1a is first detected in lateral neural plate cells at E8.5 (A) and is
remains restricted to roof plate cells and is not found in migrating neural crest or th
the developing otic vesicle, the ventral diencephalon and the notochord caudal to
initiated correctly, but then is lost in a rostral to caudal manner (D). By E11.5, Lmx
in +/+ (G) littermates.second derivative of the lateral neural plate or the adjacent
epidermal ectoderm (Figs. 1B–G). Other sites of Lmx1a
expression at E8.5 and E9.5 include the ventral midbrain,
the developing otic vesicle and the notochord of the tail,
posterior to the hindlimbs (Figs. 1C–D). These data are in
agreement with other studies (Failli et al., 2002).
Lmx1a expression was then examined in dreher embryos.
In drJ/drJ, Lmx1a is expressed normally in the lateral neural
plate at E8.5 (data not shown). Changes to Lmx1a expres-
sion are first seen at neural tube closure, when the upregu-
lation of Lmx1a apparent in +/+ embryos is not seen (Figs.
1E–F). The Lmx1a transcript then vanishes from the devel-
oping spinal cord in a rostral to caudal fashion. For example,
at E9.5, Lmx1a is not detected adjacent to the forelimbs,performed from E8.5 to E11.5 on +/+ (A, B, C, E, G) and drJ/drJ embryos
increased upon neural tube closure (B). At E9.5 (C–F), Lmx1a expression
e overlying epidermal ectoderm (E). Other sites of Lmx1a however include
the developing hindlimbs (C, D). In dreher mutants, Lmx1a expression is
1a expression is no longer detected in drJ/drJ embryos (H) but is still present
Fig. 2. Dorsal marker analysis at E9.5 and E10.5. Wnt1 (A, E), Gdf7 (B, F) and Msx1 (C, G) in situ hybridizations were performed on +/+ (A–C) and drJ/drJ
E9.5 (E–G) spinal cord sections. Wnt1 and Msx1 expression are observed in both +/+ and drJ/drJ embryos. No Gdf7 expression is detected in drJ/drJ while
normal levels are observed in +/+. Msx1/2 immunocytochemistry (D, H) at E10.5 demonstrates normal protein distribution in drJ/drJ (H) and +/+ (D) embryos.
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(arrows—Figs. 1C–D). By E10.5, all dorsal Lmx1a expres-
sion is lost in drJ/drJ embryonic spinal cord (Figs. 1G–H
and data not shown).
Bmp and Wnt expression in dreherJ embryos
Since Bmp signaling is important for proper dorsal spinal
cord development, the expression of roof plate-specific
Bmps (Gdf7, Bmp6, and Bmp7) was examined in +/+ and
drJ/drJ mice between E9.5 and E11.5. As expected, Gdf7
and Bmp6 were present in the roof plate of +/+ embryosFig. 3. Dorsal gene expression at E11.5. In situ hybridizations for Gdf7 (A, E), B
(A–D) and drJ/drJ (E–H) transverse spinal cord sections. Gdf7, Bmp6 or Msx1 e
largely unaffected.at all ages examined (Figs. 2B and 3A, B). However, in
drJ/drJ, the expression of these two genes was not detected in
the dorsal spinal cord at any axial level of the spinal cord.
This result was observed in multiple embryos (n = 12) at all
ages examined (E9.5 to E11.5) (Figs. 2F and 3E, F). Thus,
the expression of Gdf7 and Bmp6 is apparently dependent on
Lmx1a expression during spinal cord development.
To examine whether elements of the Bmp signaling
pathway were lost with Lmx1a, Msx1, a homeodomain
transcription factor that is directly regulated by the Bmp
pathway (Bei and Maas, 1998; Graham et al., 1994; Maeda
et al., 1997; Pizette and Niswander, 1999; Suzuki et al.,mp6 (B, F), Wnt1 (C, G) and Msx1 (D, H) were performed on E11.5 +/+
xpressions are not observed in mutant embryos, while Wnt1 transcripts are
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littermates. In +/+ embryos, Msx1 is expressed throughout
the dorsal spinal cord at E9.5. Surprisingly, in dreher
embryos, Msx1/2 transcripts and Msx1/2 protein were
evident throughout the dorsal spinal cord between E9.5
and E10.5 (Figs. 2C, D, G, H). By E11.5, Msx1 expression
is restricted to the roof plate in +/+ embryos. Msx1 tran-
scripts were not detected in E11.5 drJ/drJ embryos (Figs.
3D, H). Although our data indicate that roof plate cells are
absent from dreher embryos and that all roof plate-specific
Bmp expression is not detected in the mutant, the presence
of Msx1 transcripts suggests that dreher does not abolish all
elements of the Bmp signaling pathway during spinal cord
development.
To investigate whether the expression of Wnt family
members are also affected by the dreher mutation, in situ
hybridizations for Wnt1 were performed at E9.5 and E11.5.
Wnt1 is expressed in the roof plate and adjacent cells in +/+
embryos. This expression domain was not significantly
altered in drJ/drJ (Figs. 2A, D and 3C, G). Thus, Wnt
signaling is not altered in mutant embryos and may con-
tribute to the patterning of the dorsal neural tube.
dl1 generation is altered in dreherJ embryos
To assess the effect of the drJ mutation on dl1 neuronal
specification, immunostaining with antibodies against
Math1 and LH2 was performed at E10.5 and E11.5 on +/+
and drJ/drJ embryos. While Math1+ cells are in the ventric-
ular zone just lateral to the top of the ventricle (Figs. 4A, B)
in wild-type embryos, Math1+ cells progenitors are displaced
across the dorsal midline over the domain normally occupied
by the roof plate in drJ/drJ embryos. A similar dorsal shift isFig. 4. DrJ affects the generation of dl1 neurons. Immunocytochemistry for Math
(B, D) embryos. (A and B) Math1 immunocytochemistry demonstrates a decrease
are also observed on the dorsal midline in drJ/drJ but not +/+. (C and D) Similar
are quantified for both markers at E10.5 and E11.5 (red—Math1; blue—LH2).observed for LH2+ postmitotic dl1 cells (Figs. 4C, D). Thus,
the mitotic dl1 progenitor cell populations which express
Math1 and the postmitotic dl1 progenitor population marked
by LH2 antibody staining are both in an abnormal position in
the drJ/drJ embryo.
Quantitation of the number of cells that stained with
anti-Math1 antibodies revealed a reduction in the number
of mitotic progenitors in dreherJ compared to wild-type
littermates (Figs. 4A, B, E). At E10.5, there was a 65%
decrease in the number of Math1+ cells in drJ/drJ spinal
cord. On average, 50.3 F 9.1 positive cells (n = 3) were
present in +/+ but only 18.1 F 6.1 in the mutant (n = 3)
per 10 Am transverse section (P < 0.001, t test, Fig. 4E).
A similar decrease was observed at E11.5; with 46% fewer
stained cells in drJ/drJ [on average 19.0 F 1.2 positive
cells were present in the mutant (n = 3) and 34.8 F 2.4 in
wild-type (n = 3) (P < 0.001, t test)] (Fig. 4E). Thus, a
pronounced deficit of dl1 progenitors was generated in the
drJ/drJ embryo.
To quantitate the effect of drJ on the generation of
postmitotic dl1 cells, LH2 immunohistochemistry was
performed. At E10.5, a 68.2% decrease in postmitotic
dl1 neurons was seen drJ/drJ embryos as compared with
wild-type embryos [on average, 51.9 F 4.2 dorsal LH2-
positive cells were present in +/+ embryos (n = 5) and
16.5 F 4.2 in drJ/drJ littermates (n = 5) (P < 0.001, t
test)] (Fig. 4E). At E11.5, a 33% decrease in the number of
LH2+ cells was seen in drJ/drJ embryos as compared with
wild-type. [In +/+ embryos, there were on average 46.0 F
5.9 cells present (n = 6) per 10-Am section compared with
only 30.9 F 8.7 per 10-Am section of drJ/drJ littermates
(n = 6) (P < 0.001, t test)] (Fig. 4E). To test whether the
reduction in the number of progenitors and of specified dl11 (A, B) and LH2 (C, D) was performed on E11.5 +/+ (A, C) and drJ/drJ
in the number of dl1 progenitors in drJ/drJ compared to +/+. Math1+ cells
results are observed for the postmitotic dl1 marker, LH2. (E) These results
***P < 0.001.
Fig. 5. DrJ affects dl1 migration. Double immunocytochemistry was
performed on +/+ (A, C) and drJ/drJ (B, D) E11.5 (A, B) and E13.5 (C, D)
transverse sections at the lumbar axial level using antibodies specific to
Lhx2 and Lhx9 (LH2-FITC) and to Lhx9 (Lh2b-Cy3). (A and B). dl1 cells
are generated dorsally and then migrate to their final ventral location. In
+/+, the dorsal cells express just Lhx2 (2) while migrating cells are also
immunopositive for Lhx9 (9). In drJ/drJ, dl1 have not migrated and are
observed on the dorsal midline. They also only express Lhx2 (2). (C and D).
In +/+ E13.5 sections, three populations are detected: a dorsal (d) one that
expresses just the Lhx2 protein as well as medial (m) and lateral (l)
populations that are immunopositive for Lhx9. In drJ/drJ, the medial (m)
population is situated dorsal to the lateral population indicating that either
these cells fail to migrate to their correct location or are in the process of
migrating. A few dorsal (d) cells are still observed on the dorsal midline.
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TUNEL and anti-activated Caspase-3 staining on 10-Am
sections of +/+ and drJ/drJ at each of the ages analyzed.
No significant differences in cell death were noted
between wild-type and drJ/drJ embryos at any of the ages
we studied (data not shown). These results demonstrate that
the loss of Lmx1a function in drJ/drJ embryos caused a
reduction in the number of dl1 progenitors, as measured by
Math1 expression, and a decreasing number of immature,
postmitotic dl1 neurons over the course of spinal cord
development, as measured by LH2 expression.
Cell migration of dl1 neurons is altered in dreherJ mutants
After dl1 neurons exit the cell cycle, the next step in their
differentiation is to migrate from their site of origin in the
dorsal aspect of the neural tube to a more ventral location. In
wild-type spinal cord, migration begins at E11.5 with cells
migrating out to the circumference of the spinal cord and
then ventrally, away from the roof plate. By E13.5, in wild-
type embryos, dl1 neurons have reached their final position
near the sulcus limitans and have assembled into medial and
lateral nuclei. Previous reports indicate that Lhx2 is
expressed in postmitotic, pre-migratory dl1 cells, while
Lhx9 is expressed in actively migrating cells (Lee et al.,
1998). To examine the effect of the drJ mutation on dl1
migration, the LH2 polyclonal antibody, which recognizes
both Lhx2 and Lhx9 proteins, was used to immunostain +/+
and drJ/drJ transverse sections of E11.5 to E13.5 wild-type
spinal cord. At E10.5, immature, postmitotic dl1 are in a
dorsal position, adjacent to the roof plate. By E11.5, by LH2
antigen localization, dl1 neurons are in three locations:
adjacent to the roof plate, along the circumference of the
neural tube, and within a cluster in a ventral position (Fig.
5A). Thus, by anti-LH2 antibody staining, at E11.5 imma-
ture dl1, neurons are observed both along their migration
route and at their destination where they mature and
integrate into the synaptic circuitry. At E10.5, dl1 precursors
in drJ/drJ embryos are, like their wild-type counterparts, at
the dorsal midline. However, at E11.5 while wild-type cells
are either en route to or have arrived at their final destina-
tion, dl1 cells remain at their dorsal site of origin. (Fig. 5B).
At E12.5, the failure of dl1 neuronal migration drJ/drJ
embryos is even more pronounced. Very few +/+ LH2+
cells remain at their site of origin, with the vast majority of
stained cells having reached their destination. In drJ/drJ,
LH2+ cells remain on the dorsal midline (data not shown).
In E13.5 +/+ embryos, all dl1 cells have left the site of
origin, and the cells within terminal migratory field have
separated into two distinct nuclei, a lateral nucleus (labeled
l in Fig. 5C) and a medial nucleus (labeled m in Fig. 5C). In
E13.5 drJ/drJ embryos, very few cells remain at the dorsal
midline (labeled d in Fig. 5D), while a majority ventured
away from their initial position along the migratory path-
way; however, none have assembled into distinct nuclei
(Fig. 5D). Thus, among the population of dl1 cells generatedin drJ/drJ embryos, the vast majority have a severe migra-
tion defect.
Since Lhx9 expression is coincident with dl1 migration
(Lee et al., 1998), double immunocytochemistry was per-
formed with a polyclonal LH2 antibody and a monoclonal
Lhx9-specific antibody. Cells expressing either Lhx2 and
Lhx9 or just Lhx9 will be recognized by both antibodies,
while cells that express just Lhx2 will only be positive for
LH2. In +/+ E11.5 embryos, Lhx2+ (labeled 2 in Figs. 5A,
B) cells are localized dorsal and lateral to the roof plate
while LH2+/Lhx9+ cells (labeled 9 in Figs. 5A, B) are either
migrating along the periphery of the neural tube or are in
their final, ventral position. In sections of E11.5 drJ/drJ
spinal cord, no LH2+/Lhx9+ cells were detected. In E13.5
+/+ sections, dorsal (d) cells in the process of migrating
express Lhx2, while cells in the medial (m) and lateral (l)
ventral nuclei are immunopositive for both Lhx2 and Lhx9
(Fig. 5C). In sections of E13.5 drJ/drJ spinal cord, two
populations of cells are evident: cells in the dorsal region
that are Lhx2+ (d) and cells in the dorsal region that appear
Fig. 6. DrJ causes dl1 axonal pathfinding errors. +/+ (A, C) and drJ/drJ (B,
D) transverse sections from the lumbar axial level were double-stained for
TAG1 (Cy3) and NF165 (FITC) (A, B), and for TAG1 (FITC) and the d1l
marker LH2 (C, D) (Cy3) at E11.5. In +/+ embryos (A, C) TAG1 is
expressed on axons that are lateral to the roof plate coursing along the
circumference of the spinal cord toward the ventral midline. In drJ/drJ
embryos, TAG1-positive axons are observed on the dorsal midline
(arrowhead), as well as along the circumference of the spinal cord.
NF165 is specific to other spinal cord axonal populations but does not
recognize TAG1+ dl1 axons. Double immunocytochemistry with antibodies
against TAG1 (Cy) and NF165 (FITC) shows a small population of double-
labeled axons in the DRG. Double staining with antibodies against TAG1
(FITC) and LH2 (Cy3) demonstrate that this mislocalization is due in part
to the displacement of LH2+ dl1 cells in drJ/drJ to the dorsal midline. Thus,
drJ/drJ causes apparent axonal misrouting by aberrant positioning of d1l
interneurons.
Fig. 7. DrJ perturbs dl1 axon extension. +/+ (A, B) and drJ/drJ (C–F)
transverse sections were double immunostained with antibodies against
TAG1 (FITC) and LH2 (Cy3). Images at 40 (A, C, E) and 60 (B, D, F)
times magnification were taken. TAG1 staining is more apparent in drJ/drJ
(C–F) compared to +/+ (A, B) indicating either increased amount of protein
or an increased number of axons. Normally, dl1 axons extend a single axon
from the side of the cell furthest away from the dorsal midline which is
always the upper right hand corner of B, D, F. In drJ/drJ, bipolar projections
(arrow) (C) are observed as well as axons extending from the side of the cell
closest to the dorsal midline (arrowheads) (C–F).
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medial nuclei containing dl1 cells are ventral to the lateral
nuclei in wild-type tissue, in drJ/drJ tissue sections the
medial nuclei are dorsal to the ventral nuclei (Fig. 5D)
(n = 3). This result further suggests an abnormality in
drJ/drJ dl1 cell migration. This defect could be a delay in
migration, a slower rate of migration or other mechanisms
resulting in a failure of drJ/drJ dl1 neurons to reach their
proper position in the mature spinal cord.
Axon guidance and neuronal cell polarity is altered in
dreherJ dl1 neurons
The proper axon projection pattern of dl1 axons is
thought to be coordinated by the repulsive actions of
Bmp7 and Gdf7 expressed in the roof plate and the attractant,
Netrin1 expressed in the floor plate (Butler and Dodd, 2003;
Serafini et al., 1996). To visualize dl1 axon outgrowth and
patterning in drJ/drJ spinal cord, we immunostained tissue
sections from wild-type and mutant animals with the axonal
glycoprotein TAG1. The TAG1 glycoprotein is specifically
expressed on dl1 axons during the time period when the
axons extend toward the floor plate (Dodd and Jessell,
1988). In wild-type embryos, TAG1 immunostaining is first
evident at E10.5, when a few axons coursing dorsolaterallyand then ventrally along the circumference of the neural tube
are labeled. In drJ/drJ, TAG1 immunostaining is not seen
along the circumference of the neural tube, rather staining is
restricted to the dorsal midline (data not shown). By E11.5 in
drJ/drJ spinal cord, TAG1 immunostaining is seen across the
dorsal midline (Figs. 6B, D). This staining pattern is not
observed in +/+ embryos (Figs. 6A, C) (n = 8). To determine
whether the drJ mutation exerted a general influence on
axonal patterning in the spinal cord, we examined other
axonal populations of the dorsal spinal cord by localizing
antibodies against neurofilament 165 (NF165). NF165 is
expressed in all populations of spinal cord axons except for
those of dl1 neurons (Dodd and Jessell, 1988). When we
double labeled wild-type and mutant tissue sections (E11.5)
with antibodies against NF165 and TAG1, although the
TAG1 axons were misrouted, no NF165 stained axons were
evident in the dorsal midline area (Fig. 6B) (n = 6). This
finding suggests that the loss of Lmx1a specifically affects
TAG1-positive axons populations.
To determine if the mislocalization of TAG+ dl1 axons
within the dorsal midline was due to a defect in the
positioning of dl1 cell somas, LH2/TAG1 double immuno-
cytochemistry was performed. As expected, in +/+ embryos
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and lateral to the roof plate (Figs. 7A, B). In the mutant, dl1
cell bodies (LH2+) and axons (TAG1+) remained at the
dorsal midline (Figs. 6D, 7C, E) (n = 7). Thus, the abnormal
position of dl1 axons in drJ is due at least in part to the
failure of dl1 neuronal migration.
In addition to the number of dl1 cells generated, the
migration of postmitotic dl1 cells and the axonal patterning
of dl1 cells, the drJ mutation appeared to restrict the polarity
of dl1 cells during initial phases of neurite extension. In
wild-type embryos, a single axon projects from the side of
the dl1 cell distal to the roof plate. This single axon then
projects from the dorsal midline and around the circumfer-
ence of the neural tube as discussed above. This pattern is
not seen consistently in drJ. As demonstrated in Fig. 7,
several processes project from the dorsal aspect of the dl1
cell toward the dorsal midline (arrowheads—Figs. 7C–F).
Instead of projecting laterally out to the circumference of the
spinal cord, these fibers extend ventrally through the wall of
the spinal cord (Figs. 7C, E). In addition to multipolar
fibers, bipolar fibers were observed in the mutant with, one
of which extended dorsally while other projected ventrally
(arrows, Fig. 7C). These abnormalities suggest a defect in
the development of the polarity of dl1 cells, which normally
results in a single axon on the distal side of the cell with
TAG1 localized to the side of the cell from which the axon
extends and to the axon (Fig. 7B) (arrowheads, Figs. 7D, F).
The failure of drJ dl1 neurons to extend a single axon and to
localize TAG1 to the domain of the extending axon suggests
a defect in mechanisms required to specify neuronal polarity
of dl1 cells.Discussion
These experiments demonstrate that Lmx1a, the gene
responsible for the dreher mutant phenotype, is expressed
in the roof plate throughout embryonic dorsal spinal cord
development. The failure of roof plate development, seen in
drJ mutants leads to a failure to specify the normal number
of dl1 neurons, as well as a failure of postmitotic dl1
precursors to develop normal polarity needed to extend
their axon, a failure of dl1 neuronal migration to form the
medial and lateral nuclei, and a failure of dl1 axonal
patterning required for the development of the normal
circuitry of the spinal cord.
Lmx1a is required cell-autonomously for roof plate
development
Explant studies have revealed that Bmp signaling from
the epidermal ectoderm directs the generation of both
neural crest and roof plate (Liem et al., 1995, 1997).
The Wnt pathway has also been implicated in directing
lateral neural plate cells to a neural crest lineage (Garcia-
Castro et al., 2002). However, it remains unclear as towhether Wnt signaling is also required for roof plate
generation. Lineage tracing experiments in the chick
(Bronner-Fraser and Fraser, 1988; Selleck and Bronner-
Fraser, 1995) and mouse (Echelard et al., 1994) demon-
strate that both roof plate and neural crest cells are derived
from a common progenitor in the lateral neural plate.
Several features of our data suggest that Lmx1a is down-
stream of this epidermal signaling and is responsible for
directing lateral neural plate cells to a roof plate fate. First,
Lmx1a is expressed at the correct time and place during
development for the gene to be involved in roof plate
specification. Second, Lmx1a expression continues to be
restricted to the roof plate throughout dorsal CNS devel-
opment and is not observed in migrating neural crest or their
derivatives. Finally, dreher causes the specific loss of roof
plate cells, but does not affect the development of most
neural crest derivatives. Although drJ/drJ do exhibit a white
belly spot, examination of other neural crest-derived struc-
tures including the DRG, facial skeleton, and enteric ganglia
of the gut did not reveal defects (data not shown). As
Sharma et al. (1995) provided evidence that melanocytes
of the ventral midline of the abdomen are generated late in
development, it is possible that these cells might be regu-
lated by later features roof plate signaling or by indirect
mechanisms. The preponderance of data is consistent with
the conclusion that Lmx1a directs lateral neural plate cells to
a roof plate lineage.
The normal expression of Lmx1a at E8.5 in drJ/drJ
suggests that the dreher mutation does not affect early
stages of lateral neural tube specification. However, the
onset of Lmx1a expression is earlier than any other known
roof plate marker. Expression of MafB, Gdf7, Bmp6, and
Bmp7 are not detected until E9.5 in the roof plate region.
Since these genes are not expressed in drJ/drJ, we hy-
pothesize that Lmx1a acts upstream of these genes either
by directly regulating their transcription or indirectly
through the loss of factors required for roof plate cell
specification. The conclusion that a loss of Lmx1a causes
a loss of roof plate cells is supported by the observation
that radial glial cells, normally absent from the roof plate
region, are evident across the dorsal midline (Boruskl and
Millonig, unpublished results). Moreover, the expression
domains of Math1 and LH2+, normally seen on either side,
are also shifted to a single domain across the dorsal
midline. Thus, by examination of a wide variety of
markers, the roof plate is absent in the dreher mutant
embryonic spinal cord.
Roof plate is required to generate the proper number of dl1
cells
To investigate the role of roof plate during dorsal CNS
development, we have concentrated on the most dorsal
population of neurons in the spinal cord, dl1 cells. In all
studies, where roof plate Bmp expression has been manip-
ulated, the specification of dl1 cells is perturbed (Lee et al.,
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al., 2002). Consistent with these published reports, an
approximate 50% decrease in the number of dl1 progenitors
(Math1+) and postmitotic (LH2+) cells is observed at both
E10.5 and E11.5 in dreher mutants.
One intriguing aspect of the current study is the finding
that cells adjacent to the roof plate, identified by their
expression of Wnt1, are still evident in the absence of
Lmx1a. The restriction of Lmx1a to the roof plate indicates
that the effect of dreher on the dl1 cells is not due to cell
autonomous defects but rather is secondary to the loss of
roof plate. Lineage analysis has demonstrated that some dl1
neurons are generated from the roof plate region (Lee et al.,
2000), but this number is well below that needed to account
for the loss of this population in dreher embryos.
Dreher is now one of several roof plate mutants
(Gdf7 / , Wnt1  /Wnt3a / , and Gdf7dta ablation)
that affect dl1 generation. The severity of the dl1 pheno-
type varies between these mutants. Interestingly, each of
the mutations has a different effect on the expression of
Bmp and Wnt family members. For example, Gdf7  / ,
which does not perturb the expression of any other Bmp and
Wnt family member, has the least severe dl1 phenotype
affecting the generation of a subpopulation of dl1 interneur-
ons that are derived from a Math1+ progenitor pool late in
development (Lee et al., 1998). In drJ/drJ, there is a complete
loss of the dl1 interneurons derived from the late Math1-
positive progenitors, phenocopying results of the Gdf7
knockout with an additional loss of dl1 cells at E10.5 and
E11.5. TheWnt1 /; Wnt3a / double mutant has the most
severe phenotype (Muroyama et al., 2002), as few, if any, d1l
neurons are generated. As roof plate BMP expression is
normal in the Wnt1 / ; Wnt3a  / double mutant, it is
likely that Wnts are required for the generation of both early
and late d1l neuron populations from the Math1+ precursor
pool. Our dreher results with normal Wnt expression patterns
but absent roof plate BMP expression, suggest that Wnts may
contribute to the formation of the residual d1l neuron popu-
lation, but that the loss of roof plate-derived BMPs affects
either the survival or specification of d1l neurons, leading to a
reduced number of these interneurons.
The Gdf7dta ablation mutants have a much more severe
phenotype (Lee et al., 2000) and deserve some note. In these
mutants, few if any dl1 neurons are generated. In the Gdf7dta
ablation mutant, all Bmp and late Wnt expression (post
E10.5) is lost, a result that is more extreme than the Gdf7
loss of function mutation or the dreher phenotype. In both
dreher and the Gdf7dta ablation mutant, the roof plate is
absent. However, as the toxin kills when a single Gdf
molecule is expressed in a cell, it is difficult to compare
this result with a genetic loss of function mutation such as
dreher.
The existence of a reduced population of dl1 neurons in
dreher suggests that roof plate-independent signaling path-
ways act in the absence of Lmx1a to direct dl1 specification.
The normal expression of Msx1 at E9.5 and E10.5 in drJ/drJembryos supports this conclusion. Bmp signaling in the
epidermal ectoderm might be sufficient to generate some
dl1 cells. Bmp2 expression in the epidermis is not altered
in drJ/drJ embryos, and studies in both chick and mouse
support the general conclusion that the epidermis is sufficient
to generate dl1 cells (Lee et al., 2000; Liem et al., 1997;
Dickinson et al., 1995). Thus, Bmp2 epidermal ectoderm
signaling before neural tube closure may be adequate to
generate some, but not all dl1 cells. Another possible source
of Bmp signaling is from cells adjacent to the roof plate. In
chick, several Tgfh family members are expressed in over-
lapping domains across the dorsal midline (Liem et al.,
1997). Although similar expression patterns have not been
observed in mouse, it remains possible that adjacent non-roof
plate cells express Bmps that have not been detected by the
probes used in currently available in situ hybridization
studies.
The roof plate is required for dl1 migration and axon
guidance
An interesting aspect of the present study is the finding
that a loss of Lmx1a not only affects the number of dl1
interneurons generated, but their differentiation as well.
Once dl1 cells enter the mantle zone, they extend axonal
processes and migrate from their initial dorsal position to a
more ventral one. Our findings provide evidence that roof
plate signaling may control the migration of postmitotic
dl1 precursor cells toward the positions where they form
the lateral and medial nuclei. The failure of immature
dreher dl1 cells to properly develop neuronal polarity with
the extension of a single axon in the direction of their
migration suggests that early differentiation pathways are
perturbed in dreher dl1 neurons. This failure was
evidenced by the inability of the cells to express the
TAG1 glycoprotein asymmetrically, and the subsequent
failure of locomotion. As it is likely that axon extension
mechanisms are critical to the proper migration of dl1
neurons, the present experiments suggest that dreher will
offer a key system for unraveling the steps in dl1 cell
migration. Experiments presented elsewhere indicate that
the organization of radial glial fibers is aberrant in dreher
(Millonig, unpublished), suggesting that guidance systems
may be important to dl1 migration. Second, significantly
reduced numbers of dl1 neurons are generated; raising the
possibility that this affects entry into the differentiation
pathways that regulate migration. Finally, both the extent
and patterning of dl1 axon outgrowth is perturbed, sug-
gesting s possible link between axon guidance and cell
positioning of dl1 neurons.
In vitro studies indicate that the roof plate repels dl1
axons via the secretion of Gdf7 and Bmp7 (Augsburger et
al., 1999; Butler and Dodd, 2003). Bmp7/Gdf7 hetero-
dimers have recently been shown to regulate dl1 axonal
pathfinding (Butler and Dodd, 2003). Interestingly, the
Gdf7 / , Bmp7  /, and Gdf7 / ; Bmp7  / double
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cent of the dreher defects described in this report. In all the
Bmp7 and Gdf7 mutants, a subpopulation of dl1 cells
(approximately 4%) extends axons dorsally with a subpop-
ulation (0.4%) crossing the dorsal midline. These pheno-
types indicate that the loss of Gdf7/Bmp7 heterodimers in
dreher probably contribute to the dl1 axon phenotypes. The
dl1 axonal misrouting seen in dreher embryos appears to be
more severe than that reported for the Gdf7 and Bmp7
mutants since we observe bipolar axons. A loss of Lmx1a
might therefore result in defects in guidance pathways other
than Bmp7 and Gdf7.
The dreher mutant mouse represents an important genetic
tool to extend our understanding of the formation and
function of the roof plate in dorsal CNS development.
Studies on the role of Lmx1a in roof plate formation in real
time will become available with the generation of Lmx1a
BAC transgenic mice. The current studies support the
general hypothesis that the roof plate functions to dorsalize
the neural tube, inducing the generation and differentiation
of the dl1 interneurons. However, studies on dreher embryos
underscore the need for further analysis of the Lmx1a
pathway and the identification of novel pathways that govern
dl1 neuron precursor cell proliferation, migration, and axon
guidance.Materials and methods
Mice and genotyping
DreherJ heterozygous mice (B6C3Fe-a/a-Lmx1adr J/ + )
were purchased from The Jackson Laboratory and main-
tained by heterozygote interbreeding. Progeny analyzed
were the result of no more than three generations of
interbreeding to minimize recombinant inbred biases. Mice
were genotyped using PCR-based SSCP analysis. The
primers used amplify a 225-bp region surrounding the
Lim1-containing exon of the gene, which harbors the drJ
point mutation (Millonig et al., 2000). Yolk sacs or tails
were incubated for 3–4 h at 56jC in 300–500 Al of lysis
buffer (670 mM Tris pH 8.3, 1.66 mM (NH4)2SO4 and 65
mM MgCl2) containing 1 mg/ml Proteinase K (Roche).
Samples were boiled for 10 min and 0.5 Al was used directly
in a 25-Al PCR reaction with 5 Al 5  cresyl red loading dye
(0.05% cresyl red in 30% sucrose), 2.5 Al 10  PCR buffer
(0.67 mM Tris pH 8.8, 0.16 mM (NH4)2S04, 0.65 mM
MgCl2, 0.5% Triton x-100 and 1% B-mercaptoethanol), 100
ng forward primer GGCAACATCTGTTGCTGTTG, 100 ng
reverse primer GAAGCAGGCACTTACTTCTC, 2 Al 2.5
mM dNTP, trace a-32P dATP, and 0.05 U Perkin Elmer
AmpliTaq. Cycling conditions in a BioRad iCycler were as
follows: 1 cycle 94jC, 4 min, 35 cycles of 94jC 30 s, 55jC
30 s, 72jC 30 s, followed by one cycle of 72jC for 7 min.
Two microliters of each reaction was denatured for 10 min at
94jC in 8 Al of SSCP buffer (80% formamide, 20 mMEDTA, 0.05% bromophenol blue and 0.05% xylene cyanol).
Samples were cooled quickly on ice and run at 4jC in 0.5 
TBE on a 40-cm non-denaturing 5% acrylaminde, 1  TBE
gel. Autoradiography was used to detect the altered migra-
tion pattern of the mutant allele.
In situ hybridization and immunohistochemistry
Whole-mount in situ hybridization was conducted as
described (Tole et al., 1997). After photography, embryos
were refixed overnight in 4% paraformaldehyde, equilibrat-
ed in 30% sucrose in PBS and sectioned on a freezing
microtome at 40 Am. Alternatively, sections were cut
directly from frozen tissue and processed for in situ
hybridization (Holmes and Niswander, 2001; Holmes et
al., 1998). The Lmx1a probe was PCR amplified fragment
from residues 94 to 1149 of the coding sequence (Genbank,
AF226662), subcloned into the pCRII TOPO vector (Invi-
trogen). Gdf7, Bmp2, Bmp4, Bmp6, Bmp7, Msx1, Wnt1 and
Math1 probes were as described by Lee et al. (1998).
Immunohistochemistry was conducted using previously
described methods (Alder et al., 1999). Anti-LH2
(1:2500) (Liem et al., 1995),-Lhx9 (1:250) (Lee et al.,
1998), -NF165 (1:1) (Dodd et al., 1988), and -TAG1
(1:1) (Dodd and Jessell, 1988) were all kindly provided
by Drs. Thomas Jessell and Jane Dodd and used at the
designated dilutions. Math1 antibody (Helms and Johnson,
1998) was generously provided by Dr. Jane Johnson.
Species appropriate secondary antibodies conjugated to
either FITC or Cy3 were obtained from Jackson Immunor-
esearch. Cell counts were generated from multiple 10-Am
sections (>5) from multiple +/+ (>3) and drJ/drJ (>3) while
viewing the staining on a Nikon Eclipse 800 microscope.
Statistical significance was measured by t tests. Apoptosis
was assessed by detection of cleaved Caspase-3 (Cell
Signaling). Images were acquired with a Ziess Axiophot
camera system. Lower power whole mounts were imaged
on a Zeiss Stemi 2000 dissecting scope. Digital images
were collected with a SpotII digital Camera (Diagnostic
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